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ABSTRACT 15 
Solid milk fat stearin (S25) can be a promising oxidation retarder due to its capacity to entrap 16 
liquid oils, especially for incorporating omega-3 (ω-3) rich oils into dairy products. Thermal 17 
properties of S25/ω-3 rich oil mixtures are necessary for such application. The effects of S25 18 
on the crystallization and melting behaviours of ω-3 rich oils, namely fish oil (FO), linseed 19 
oil (LO) and krill oil (KO), were investigated by differential scanning calorimetry (DSC). 20 
Thermograms showed that with S25 concentration increasing, transitions of FO and LO 21 
shifted to lower and largely to higher temperatures, respectively, while crystallization 22 
temperature of KO slightly decreased. Negative, positive and low values of interaction 23 
enthalpy (∆Hint) suggested the adverse, beneficial and limited effect of S25 on the 24 
crystallization of S25/FO, S25/LO and S25/KO mixtures, respectively. LO could have the best 25 
oxidative stability upon the addition of S25 since their interactions facilitated earlier and 26 
stronger crystallization. 27 
Key words: Milk fat stearin; Fish oil; Linseed oil; Krill oil; Crystallization; Melting; 28 
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1.  Introduction 31 
Omega-3 (ω-3) fatty acids, which are high in linseed (flaxseed) oil, walnut oil, marine 32 
plankton and fatty fish, rank among the most important essential nutrients. There is a strong 33 
association between consumption of ω-3 fatty acids, particularly eicosapentaenoic acid (EPA) 34 
and docosahexaenoic acid (DHA), and health benefits. They have been reported to help 35 
prevent heart disease (Harris, Miller, Tighe, Davidson, & Schaefer, 2008), may help control 36 
lupus, eczema, and rheumatoid arthritis (Geusens, Wouters, Nijs, Jiang, & Dequeker, 1994), 37 
and may play protective roles in cancer (Schley, Jijon, Robinson, & Field, 2005) and other 38 
health conditions. Among common sources of ω-3 fatty acids, fish readily contains EPA and 39 
DHA (marine ω-3). Fatty acids in fish can be stored as triacylglycerols (TAGs) or 40 
incorporated into phospholipids. For example, 30-65% of fatty acids in krill oil are esterified 41 
in phospholipids that have a different bioavailability to that of ingested in form of TAG 42 
(Maki, Reeves, Farmer, Griinari, Berge, Vik, et al., 2009).  Another kind of ω-3 fatty acids 43 
in plant sources is alpha-linolenic acid (ALA). The conversion of ALA into EPA and DHA is 44 
restricted in human body (Gerster, 1998; Williams & Burdge, 2006).  45 
It is a challenge for the food industry to incorporate ω-3 rich oils into food products, as ω-3 46 
fatty acids are highly polyunsaturated and readily undergo lipid oxidation, which leads to the 47 
development of undesirable off-flavours and potentially toxic chemicals. A number of 48 
strategies used to improve the oxidative stability of ω-3 rich oils in food products include 49 
addition of antioxidants (Huber, Rupasinghe, & Shahidi, 2009), blend with extra virgin olive 50 
oil (Polavarapu, Oliver, Ajlouni, & Augustin, 2011) and/or microencapsulation with 51 
encapsulating matrices, such as modified starch (Drusch & Schwarz, 2006), whey protein 52 
(Bae & Lee, 2008; Jafari, He, & Bhandari, 2007), dextrin (Kagami, Sugimura, Fujishima, 53 
Matsuda, Kometani, & Matsumura, 2003) and cellulose (Kolanowski, Ziolkowski, Weißbrodt, 54 
Kunz, & Laufenberg, 2006).  55 
Blending of fats and oils has been commonly practised in the food industry to achieve 56 
specific functionalities, sensory and quality attributes. Understanding of thermal properties of 57 
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various edible fats and their mixtures are very important for the quality and function of 58 
lipid-based products. In the past, the crystallization and/or melting properties of fat/oil 59 
mixtures have been investigated extensively (Awad, Helgason, Weiss, Decker, & 60 
McClements, 2009; Martini, Herrera, & Hartel, 2001; Toro-Vazquez, Briceno-Montelongo, 61 
Dibildox-Alvarado, Charo-Alonso, & Reyes-Hernández, 2000). However, attention was 62 
mainly directed towards the influence of low-melting point oils on the crystallization and/or 63 
melting behaviours of high-melting point fats. These studies did not include the behaviour of 64 
milk fat and fish oil blends. Previous studies have offered a simple but effective approach to 65 
control the oxidation of fish oil in fractionated stearin milk fat fraction (Truong, Janin, Li, & 66 
Bhandari, 2016). After blending fish oil with this stearin fraction, a significant slowing down 67 
of the oxidative reaction in fish oil was observed. It was because of the limited diffusivity of 68 
oxygen in crystalline matrix of milk fat stearin in which the TAG molecules of fish oil were 69 
entrapped. This method could also be suitable for other ω-3 rich oils. The application of solid 70 
milk fat stearin as an oxidation retarder can be promising, especially for incorporating ω-3 71 
rich oils into dairy products, since no other non-dairy ingredients need to be added.  72 
The objective of this study was to investigate the effects of incorporation of milk fat stearin at 73 
various concentrations on crystallization and thermal properties of mixture of stearin and ω-3 74 
rich oils. Results will strengthen the understanding of interactions between high-melting point 75 
fat and various low-melting point ω-3 rich oils. This information will be useful during the 76 
application of such blends in the food.  77 
2.   Materials and methods 78 
2.1.   Materials 79 
Anhydrous milk fat (AMF) was purchased from Tatura Milk Industries Limited (Tatura, 80 
Victoria, Australia). According to the manufacturer, the AMF contained 99.92% butter fat, 81 
0.08% moisture, 0.13% free fatty acid (expressed as oleic acid). The AMF was stored at 4°C 82 
upon arrival. 83 
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Milk fat stearin (S25) used in present study was obtained from step-wise dry fractionation of 84 
molten anhydrous milk fat (AMF), according to a previous study (Truong, Janin, Li, & 85 
Bhandari, 2016). In the first step, the AMF was completely melted at 70oC for 1 h, cooled 86 
and incubated at 21oC for 24 h. Then crystallised solid fraction (S21) was separated from the 87 
liquid fraction by vacuum filtration, using a Buchner filter, at room temperature (22±1oC). In 88 
the second step, the S21 was completely melted at 70oC for 1 h, cooled and incubated at 25oC 89 
for 24 h. Again, the solid fraction was separated out of the liquid fraction at room temperature 90 
(22±1oC) by vacuum filtration using a Buchner filter. The solid fraction obtained at the 91 
second step was denoted as S25. 92 
Three ω-3 rich oils including fish oil (FO), linseed oil (LO) and krill oil (KO) were studied in 93 
this research. FO was obtained from Pharma Marine (Soevic, Norway). Commercial LO and 94 
KO (capsules) were purchased from a local chemist.  95 
AMF, S25 and all ω-3 rich oils were kept at 4oC before use. All other chemicals were of 96 
analytical grade. 97 
2.2.   Preparation of S25/Oils mixtures 98 
Ten grammes of blends of S25 and ω-3 rich oils (FO, LO or KO) at various concentrations 99 
(0:100, 25:75, 50:50, 75:25 and 100:0) were prepared by means of a vortex mixer. The 100 
melted S25, which was previously heated at 60 °C, was added into glass containers with FO, 101 
LO or KO and vigorously shaken for 10 sec. Before mixing, the glass containers were flushed 102 
and filled with nitrogen gas. The blends were then weighed and sealed into DSC sample pans 103 
immediately. All blends of S25 with FO, LO or KO were produced in triplicate. 104 
2.3.   Analysis of fatty acid composition 105 
Gas chromatography-flame ionization detector (GC-FID) was used to analyse gross fatty acid 106 
compositions of AMF, S25, FO, LO and KO as Fatty Acid Methyl Esters (FAMEs), as 107 
described by Truong, Bansal, Sharma, Palmer, and Bhandari (2014). Briefly heptanoic acid 108 
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(1 mg) was used as internal standard. This internal standard and methanolic NaOH (0.5M; 0.5 109 
ml) were added to lipid sample (15~20 mg). Saponification process was undertaken by 110 
placing the lipid sample, which was previously flushed with nitrogen gas, on a steam bath at 111 
95oC for 3 mins. After cooling the sample, esterification of fatty acid was performed by 112 
adding a catalyst (2.5 ml of boron trifluoride (BF3) in methanol (14%, v/v)) to the lipid 113 
sample, followed by heating on the steam bath for 5 mins and then allowed to cool. Addition 114 
of heptane (2 ml) and vortex were undertaken. After allowing the two layers to settle, clear 115 
heptane solution (1.5 ml) was transferred into the auto sampler vial. 116 
Derivatization of fatty acids were performed on GC-FID (GC-17A, Shimadzu Co., Japan) 117 
system equipped with a DB-23 60 m × 0.25 mm × 0.25 µm capillary column. Carrier gas was 118 
helium (110 kPa, linear velocity: 2.2 ml min-1). The injection port and detector were set at 119 
250°C and 285°C, respectively. The column temperature gradient was scheduled as followed: 120 
heating from 100°C to 180°C, at a heating rate of 10°C min-1 and then 240°C at 5°C min-1. 121 
Identification and quantification of specific fatty acids were undertaken by comparing 122 
retention times of their methyl esters to those of an authentic standard of methylated fatty 123 
acids (Nu-chek Prep Inc., Minnesota, US) and integrating area of the internal peak, 124 
respectively. 125 
All samples were analyzed in duplicate and the fatty acid contents are presented as 126 
mean±standard deviation in Table 1. 127 
2.4. Differential Scanning Calorimetry 128 
Characterisation of crystallization and melting profile of the mixtures was investigated using 129 
DSC (DSC1, STARE System, Mettler Toledo, Schwerzenbach, Switzerland). Calibration was 130 
undertaken using an indium standard (melting point = 156.60 oC, ∆H melting = 28.45 J g-1) 131 
and an empty pan was used as a reference. Small amounts of samples between 6.5 and 8.5 mg 132 
were weighed (±0.1 mg) in 40 µl aluminium pans and hermetically sealed. The analysis was 133 
conducted with a nitrogen flow of 20 ml min-1 under the following procedures. Firstly, the 134 
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samples were heated from 30°C to 60°C at a rate of 20°C min-1 and equilibrated for 5 min 135 
(pre-heating procedure) to ensure complete melting of crystals. Secondly, the samples were 136 
cooled at a rate of 5°C min-1 (or 2°C min-1 for the S25/LO mixtures) to -70°C (cooling cycle). 137 
Finally, the cooled samples were heated immediately at a rate of 10°C min-1 to 60°C (heating 138 
cycle).  139 
For most samples, constant cooling (5°C min-1) and heating (10°C min-1) rates were 140 
employed according to literature (Awad, Helgason, Weiss, Decker, & McClements, 2009; 141 
Tolstorebrov, Eikevik, & Bantle, 2014) and our previous study (Truong, Janin, Li, & 142 
Bhandari, 2016). Exceptionally, as the crystallization peak temperature of LO obtained at a 143 
cooling rate of 5°C min-1 was lower than -70°C, which is beyond the limitation of our DSC, 144 
the S25/LO mixtures at a cooling rate of 2°C min-1 were scanned instead to obtain full peak of 145 
crystallization as slow cooling provides enough time to complete crystallization at higher 146 
temperature. STARe Excellence Software (Mettler-Toledo, Schwerzenbach, Switzerland) was 147 
used to obtain calorimetric parameters, such as peak temperatures and enthalpies.  148 
2.5. Statistical analysis 149 
DSC data were statistically analysed using EXCELTM 2010 (Microsoft, USA) and significant 150 
differences among means were estimated at a probability level of 0.05. 151 
3.   Results and discussion 152 
3.1.   Fatty acid composition of AMF, S25 and ω-3 rich oils 153 
The gross fatty acid compositions of the original AMF, S25, FO, LO and KO are presented in 154 
Table 1. AMF was enriched with saturated fatty acids (66.74 %), in which palmitic acid 155 
(38.04 %) was predominating. In comparison with AMF, distinct differences in compositions 156 
of S25 can be observed. Obviously, the saturated fatty acids content (71.40 %) in S25 was 157 
higher, while unsaturated fatty acids content in S25 (28.61 %) was lower than those in AMF 158 
(66.74 % & 33.26%, respectively). This result indicates that the step-wise dry fractionation of 159 
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melted AMF was able to separate S25 with distinct chemical composition. This result was 160 
similar to the one previously reported (Truong, Janin, Li, and Bhandari, 2016). 161 
The analysis of chemical composition of FO and LO showed that both of them mostly 162 
consisted of unsaturated fatty acids (97.88 % & 91.67 %, respectively). Among unsaturated 163 
fatty acids, DHA (51.08 %) and EPA (25.68 %) were highly concentrated in FO, while 164 
alpha-linolenic acid (56.83 %) and oleic acid (19.82 %) were rich in LO. Compared with FO 165 
and LO, KO had a more balanced content of saturated and unsaturated fatty acids (42.90 % 166 
and 57.10 %, respectively). The DHA and EPA accounted for 16.2 % of the total fatty acids 167 
in KO, which were slightly lower than that reported by Kolakowska et al. (19 %) 168 
(Kolakowska, Kolakowski, & Szczygielski, 1994), but considerably lower than that reported 169 
by Schubring (24 %) (Schubring, 2009). It appears that KO had more overall similarity to S25 170 
in terms of type (9 types) and distribution of fatty acid components than the others (FO: 3; 171 
LO: 5) (Table 1). Thus, the molecular compatibilities between S25 and the ω-3 rich oils 172 
investigated may be different, resulting in discrepancies in physical and thermal properties. 173 
For example, greater resemblance in chemical structure between the fatty acids of the mixture 174 
can ease the formation of compound crystals due to their high miscibility in solid state 175 
(Knoester, Bruijne, & Tempel, 1972).  176 
3.2.   Crystallization and melting behaviour of the mixtures 177 
In this paper, thermal behaviours of AMF, S25, FO, LO, KO and the mixtures of S25/ω-3 rich 178 
oils were studied by DSC. Representative DSC thermograms showing crystallization and 179 
melting peaks are presented in Figs.1 - 2. Enthalpies and peak temperatures of representative 180 
transitions extracted from DSC thermograms are expressed as mean±standard deviation and 181 
tabulated in Table 2. 182 
3.2.1. Thermal properties of S25 183 
The DSC cooling and heating curves of AMF and S25 are compared as shown in Fig. 1. Upon 184 
cooling, two main exothermic peaks were observed in both AMF and S25 at the same cooling 185 
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rate of 5 °C min-1, which were in accordance with the findings reported previously 186 
(Tomaszewska-Gras, 2013; Truong, Bansal, Sharma, Palmer, & Bhandari, 2014). Both of two 187 
main exothermic peaks in S25 shifted significantly (P<0.05) to higher temperatures in 188 
comparison to those of AMF, and the higher-temperature exotherm (Peak-2C) in the cooling 189 
curve of S25 became much greater. These results can be attributed to the greater proportion 190 
long-chain fatty acids (palmitic and stearic acids) in S25 (Table 1). Increased proportion of 191 
high melting point TAGs shift to higher crystallization temperature is caused by the 192 
inter-solubility of TAGs as high melting point TAGs are normally solubilised in the low 193 
melting liquid TAGs (Maki, et al., 2009; Zhou & Hartel, 2006).  At slower cooling rate 194 
(2 °C min-1), crystallization peaks of S25 become smaller and the small shoulder peak became 195 
more distinct, but the crystallization enthalpy only changed slightly in comparison to that 196 
cooling at 5 °C min-1 (Table 2). 197 
Upon heating, three distinctive endothermic peaks were observed in AMF and S25, 198 
corresponding to melting of low-, medium- and high-temperature melting point fractions. 199 
Similarly, the facts that these three endotherms shifted to higher temperatures to varying 200 
extents as well as the high-temperature endothermic peak (Peak-2M) became stronger after 201 
fractionation, can be attributed to the higher concentration of long chain saturated fatty acids 202 
in S25 (Table 1).  203 
The DSC thermograms of AMF and S25 indicate that the step-wise dry fractionation of 204 
molten AMF was able to separate S25 with distinct thermal properties. 205 
3.2.2. Effect of proportion of S25 in S25/ω-3 rich oils mixtures on transition temperatures of 206 
ω-3 rich oils 207 
3.2.2.1. S25/FO mixtures 208 
Fig. 2A ~ 2B shows crystallization and melting curves of S25, FO and their mixtures. When 209 
100% FO was cooled from 60 °C, a prominent exotherm (Peak-1C) were observed. During 210 
the subsequent heating process, a minor endothermic peak (Peak-1M’) and a major 211 
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endothermic peak (Peak-1M) can be seen. These two transitions could be attributed to the 212 
melting of the less- and more-stable polymorphs of FO, respectively. Melting thermograms 213 
with multiple peak shapes have been reported in some literatures on fish oils 214 
(Tengku-Rozaina & Birch, 2015; Tolstorebrov, Eikevik, & Bantle, 2014). This could be 215 
explained by that oils (e.g. fish oil) containing two or more triglycerides could have several 216 
crystalline structures or polymorphic forms, where polymorphs that are less thermally stable 217 
melt first when heated, and more stable polymorphs melt at higher temperatures. 218 
While adding S25 to FO at 25% increments, the thermograms of S25/FO mixtures are 219 
distributed in two regions since the crystallization and melting points of these two 220 
components vary considerably. Generally, the exothermic and endothermic peaks in the 221 
lower-temperature region (from -70 °C to -10 °C) can be assigned to FO, whereas S25 222 
predominates the thermal peaks in the higher-temperature region (from -10 °C to 60 °C). As 223 
can be seen in Fig. 2A and Table 2, with the S25 concentration increasing, the prominent 224 
exothermic peak (Peak-1C) for FO shifted gradually (P < 0.05) to lower temperatures during 225 
cooling processes. This indicates that increasing the high melting point TAGs (of stearin) 226 
interferes with the crystallization of low melting point TAGs (of FO) due to increased 227 
complexity of TAG components in the S25/FO mixtures. As a result, nucleation and crystal 228 
growth were more delayed in reference to the pure FO. This type of inhibitory effect has been 229 
reported for AMF/hydrogenated vegetable oil mixtures (Shen, Birkett, Augustin, Dungey, & 230 
Versteeg, 2001).  231 
Upon heating, the specific melting peaks of both S25 and FO remained evident in all mixtures 232 
but with progressive changes in melting temperatures. In the low melting temperature region 233 
predominatly by FO, the major endotherm (Peak-1M) appears to be shifted considerably to 234 
lower temperatures during heating processes (Fig. 2B and Table 2). This tendency agreed 235 
with the crystallization curves (Figure 2A). Similar trend was also reported by some other 236 
researchers. For binary mixtures of saturated capric acid and unsaturated oleic acid, the 237 
endothermic peaks due to the melting of oleic acid also shifted downwards with the capric 238 
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acid content increasing (Misra, Misra, Panpalia, & Dorle, 2007). The major melting peaks of 239 
hydrogenated vegetable oil in the mixture with milk fat also shifted down in relative to the 240 
pure oil (Shen, Birkett, Augustin, Dungey, & Versteeg, 2001). Differently, the minor 241 
endotherm for FO (Peak-1M’) merely performed a slight shift upwards (from -56.9 °C to 242 
-56.0 °C), which suggested that S25 hardly changed the endotherm of less-stable polymorph 243 
of FO.  244 
Addition of S25 into FO at higher levels resulted in more pronounced exothermic and 245 
endothermic peaks for S25 and a shift to higher temperatures (P<0.05). Among which, 246 
Peak-2C shifted from 11.23 °C to 19.06 °C, and Peak-2M shifted from 30.59 °C to 35.90 °C 247 
(Table 2). This also indicated that the inhibitory effect of FO on the crystallization of S25 248 
decreased as FO concentration decreased, which agreed with a previous study (Truong, Janin, 249 
Li, & Bhandari, 2016). This result can be attributed to the solubility effect of low melting 250 
point oils on high melting point fats, which has been confirmed by other researchers (Saidin 251 
& Ramli, 2010; Toro-Vazquez, Briceno-Montelongo, Dibildox-Alvarado, Charo-Alonso, & 252 
Reyes-Hernández, 2000). 253 
3.2.2.2. S25/LO mixtures  254 
Fig. 2C ~ 2D illustrates crystallization and melting curves of LO, S25 and their mixtures. For 255 
pure LO, the cooling thermogram shows a prominent exotherm (Peak-1C), while its heating 256 
thermogram shows a minor peak and a prominent peak (Peak-1M). The LO thermograms 257 
were similar to the ones reported by other authors with small differences in peak temperatures 258 
observed (Cécile, Nowakowska, & Le, 2012; Zhang, Li, Zhang, & Liu, 2014). Cécile, 259 
Nowakowska, and Le (2012) assigned the major peak to the melting of the triunsaturated 260 
linolenic acid, and the minor peak to that of the triunsaturated linoleic acid. 261 
Similar to those of S25/FO mixtures, the thermograms of S25/LO mixtures can also be 262 
expressed in two regions. However, addition of 25 %~50 % S25 resulted in the earlier 263 
crystallization and the later melting of LO, which were opposite to the case of S25/FO 264 
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mixtures. This result could be explained by the fact that the existence of S25 played a major 265 
role of increasing the crystallization temperature of LO. In this case the S25 facilitates the 266 
crystallization of TAGs of LO. Similar result was observed by Nazrim Marikkar and Rana 267 
(2014) for canola oil and lard stearin mixture. In their study, the major exothermic peak of 268 
canola oil was also shifted to a higher temperature with the level of lard stearin increasing. 269 
Moreover, it is worth mentioning that while adding 25 % of S25, the prominent exothermic 270 
peak for LO split into two distinctive but overlapping exotherms peaked at higher 271 
temperatures (Fig. 2C). The exothermic peak showed up at higher temperature (Peak-1C’) 272 
could be attributed to the formation of a less-stable polymorph. This phenomenon was also 273 
found in its corresponding melting curve (Fig. 2D). Presumably, a less-stable polymorph of 274 
LO is prone to form at a low S25 concentration of 25%. For the other endotherm (Peak-1C), it 275 
shifted to a higher temperature, which indicates the more-stable polymorph of LO with 25% 276 
S25 became more compact than that of pure LO. It is speculated that the presence of S25 277 
promoted the crystallization and gave rise to different polymorph in the mixture as against 278 
pure LO. This thermal behaviour is in line with a previous study (Smith, Cain, & Talbot, 279 
2005) reporting that crystal polymorphs of POP exhibited a substantial change when high 280 
melting PPP fraction was incorporated into the mixture of PPP-POP.  281 
Addition of 50 % S25 resulted in only one exothermic and endothermic peak for LO (Fig. 2C 282 
~ 2D), which indicates that the less-stable polymorph of LO may not exist at such a high S25 283 
concentration of 50 %. Again, both the exothermic and endothermic peaks for LO continued 284 
to shift to higher temperatures, which confirms that the existence of S25 helped LO crystallize 285 
earlier and form more compact LO polymorph. However, while the ratio of S25 increased 286 
from 50 % to 75 %, the crystallization temperature (T1C) merely increased slightly, and 287 
instead the melting temperature (T1M) shifted downwards (Table 2).  288 
Similar to the S25/FO mixtures, all exothermic and endothermic peaks for S25 also shifted to 289 
higher temperatures with the ratio of S25 in LO increasing (Fig. 2C ~ 2D and Table 2). It 290 
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suggested that the existence of LO was also against the crystallization of S25 and the 291 
compactness of S25 crystals. 292 
3.2.2.3. S25/KO mixtures  293 
Fig. 2E ~ 2F shows DSC crystallization and melting curves of KO, S25 and their mixtures. 294 
For pure KO, the cooling curve shows a minor exotherm at -1.86 °C and a sharp exotherm at 295 
-9.07 °C (Peak-1C). Meanwhile, the heating curve shows two endothermic peaks at -13.12 °C 296 
(Peak-1M’) and 4.57 °C (Peak-1M) corresponding to the melting of less- and more-stable 297 
polymorphs, respectively. There was also an exothermic peak at -8.69 °C, which could be 298 
attributed to the recrystallization of less-stable polymorph to more-stable polymorph (Awad, 299 
Helgason, Weiss, Decker, & McClements, 2009). The resultant thermal parameters were 300 
reasonably comparable to a previous study on capsule krill oil (EPA 15%, DHA 9%) having 301 
crystallization maxima at -8.67 and -13.97 °C and melting maxima at -14.9 and 2.37 °C 302 
(Schubring, 2009).  303 
Unlike the themograms of S25/FO and S25/LO mixtures, the exothermic and endothermic 304 
peaks for KO seem to be overlapped by those of S25 because of their relatively similar 305 
crystallization and melting points. However, the sharp exotherm (Peak-1C) for pure KO at 306 
-9.07 °C can still be identified in the mixtures with 25% and 50% S25 (Fig. 2E). It shifted 307 
slightly to lower temperatures as S25 concentration increasing from 0% to 50 % (Table 2). Its 308 
reason will be discussed latter. 309 
3.2.3. Effect of S25 on enthalpy changes 310 
Apart from transition temperature, changes in enthalpy values reflect differences in the type, 311 
compactness, purity and/or amount of crystals (polymorphs) formed. Regarding food-related 312 
systems, it has been reported that an increase in melting enthalpy (without changing of solid 313 
fat content) was associated with formation of larger and higher-melting crystal form in 314 
margarine (Faergemand & Krog, 2006) and higher quality of silica-treated shea stearin 315 
crystal due to the removal of diacylglycerols (Ray, Smith, Bhaggan, Nagy, & Stapley, 2013). 316 
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Shen, Birkett, Augustin, Dungey, and Versteeg (2001) also pointed out that that the total 317 
melting enthalpy of anhydrous milk fat/hydrogenated coconut oil blends increased with 318 
increasing amounts of hydrogenated coconut oil. It has also been reported that melting and 319 
crystallization enthalpies of the refined hoki oils were related to their fatty acid contents. The 320 
enthalpy values were lower for the oils that have more polyunsaturated fatty acids 321 
(Tengku-Rozaina & Birch, 2015). 322 
In this paper, effect of S25 on total enthalpies (both regions combined) of fat/oil mixtures 323 
were also studied. First of all, strong linear correlations between crystallization and melting 324 
enthalpies were observed for S25/FO, S25/LO and S25/KO mixtures (Fig. 3A ~ 3C). This linear 325 
relationship demonstrates that the thermal history did not have influence on the thermal 326 
behaviour for all mixtures. 327 
Next, we examined the relationship between experimental and calculated total melting 328 
enthalpies. It has been reported that the difference between experimental and calculated 329 
melting enthalpies can be employed to evaluate to interaction of two components in a binary 330 
mixture system (Meltzer & Pincu, 2012; Souillac, Costantino, Middaugh, & Rytting, 2002). 331 
For an ideal binary system without interaction, the melting enthalpy is expected to be equal to 332 
the sum of the enthalpies of the individual components: 333 
ΔH(cal. ) 	= 	 XΔH(Exp. ) + 	XΔH(Exp. ) 
where ∆HTotal(cal.) is the calculated total enthalpy; X1 and X2 are the weight fractions of 334 
component 1 and 2, respectively; ∆H1(Exp.) and ∆H2(Exp.) are the experimental enthalpies 335 
of component 1 and 2, respectively. 336 
However, for interacting binary systems, the enthalpy changes due to the existence of 337 
interaction can be represented by the following equation: 338 
ΔH = ΔH,(Exp. ) −	ΔH,(cal. )  339 
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where ∆HInt is the enthalpy of interaction; ∆Hm,Total(Exp.) is the experimental total enthalpy; 340 
∆Hm,Total(cal.) is the calculated total enthalpy. The direction of ∆H(Int.) can be most simply 341 
explained as following: when ∆HInt > 0, more energy than expected is needed to melt the 342 
crystals, which means stronger crystals form due to the interaction between different 343 
components; when ∆HInt < 0, the interaction between different components facilitates weaker 344 
crystals.; when ∆HInt = 0, no interaction between different components is expected.  345 
Fig. 3D shows the values of ∆HInt obtained for S25/FO, S25/LO and S25/KO mixtures at 346 
different S25 concentrations. For S25/FO mixtures, the ∆HInt values for S25 concentrations 347 
from 25 % to 75 % were negative (-6.35 J g-1, -8.99 J g-1 and -8.55 J g-1, respectively). As 348 
discussed in section 3.1, FO had the greatest dissimilarity in fatty acid compositions in 349 
respect to S25 that might hinder their respective crystallization. It could be attributed to the 350 
less similar chemical compositions and structure of TAGs of S25 and FO. That is, the 351 
incompatibility between the less similar molecules from these two components might hinder 352 
their respective crystallization.  353 
Oppositely, the ∆HInt for S25/LO mixtures had positive amplitudes, which were 7.00 J g-1, 354 
9.71 J g-1 and 6.2 J g-1 for 25 %, 50 % and 75 % S25, respectively. It could be explained by 355 
the difference and similarity between the chemical composition of S25 and LO. On one hand, 356 
the saturated and unsaturated concentrations of S25 and LO varied largely, which allowed 357 
them to crystalize and melt individually to a great extent. On the other hand, the similarity in 358 
oleic acid concentrations of S25 and LO (22.88 % & 19.82 %, respectively) might benefit the 359 
nucleation and crystal formation for LO. As a result, stronger LO crystals were formed and 360 
more energy was needed to melt them. This assumption is also supported by the higher 361 
crystallization and melting temperatures of LO in the S25/LO mixtures with 25 % and 50 % 362 
S25 from another perspective.  363 
For S25/KO mixtures, the ∆HInt were 1.44 J g-1, 1.30 J g-1 and 1.35 J g-1 for 25 %, 50 % and 364 
75 % S25, respectively. Their absolute values were considerably smaller than those for S25/FO 365 
and S25/LO, which suggests the interactions between S25 and KO were relatively limited. 366 
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These results could be ascribed to the similar components and their concentrations in S25 and 367 
KO. Specifically, these two components were similar in myristoleic acid (12.93 % & 15.03%, 368 
respectively), palmitic acid (40.09 % & 25.83 %, respectively) and oleic acid (22.88 % & 369 
19.82 %, respectively) as can be seen in Table 1. The compatibilities of both saturated and 370 
unsaturated fatty acids led to positive but limited interactions. Therefore, the result in section 371 
3.2.1 that the prominent exothermic peak shifted slightly to lower temperatures could be 372 
explained.  373 
4.  Conclusions 374 
In this paper, effects of S25 on crystallization and melting behaviours of ω-3 rich oils were 375 
studied. The results revealed that although the effects of ω-3 rich oils on S25 were similar, S25 376 
had different influences on crystallization/melting of ω-3 rich oils. That is, S25 inhibited the 377 
crystallization of FO and weakened the crystals in S25/FO mixtures, but facilitated earlier 378 
crystallization of LO and formation of stronger crystals in S25/LO mixtures. For S25/KO 379 
mixtures, the interactions between S25 and KO were relatively limited. Presumably, LO could 380 
have the best oxidative stability upon the addition of S25 since their interaction was beneficial 381 
for earlier and stronger crystallization. 382 
This study also demonstrates the importance of formulating TAG blends in which their 383 
crystallization and melting behaviour behave differently depending on chemical nature and 384 
amount of individual component to be incorporated. This information is necessary for certain 385 
applications, such as optimising the amount of S25 required to maintain oxidative stability of 386 
ω-3 rich oils and obtaining desirable texture and plasticity in ω-3 fortified dairy products.   387 
The type of polymorphs cannot be determined by DSC investigation. Study on the 388 
polymorphs of S25/ω-3 rich oils mixtures using X-ray diffraction technique will be covered in 389 
continuing research. 390 
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 503 
 504 
Figure 1 Representative crystallization (A) and melting (B) DSC curves of original AMF and 505 
its fractionated stearin S25 being scanned at cooling/heating rate of 5oC min-1 within 506 
temperature region of -70 oC – 60oC
 
. The corresponding DSC curves of S25 at 507 
cooling/heating rate of 2oC min-1
 
are also represented.  508 
  509 
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Figure 2 Effect of various concentrations of S25 on thermograms on S25/ω-3 rich oils mixtures: 511 
(A) crystallisation, S25/FO mixtures; (B) melting, S25/FO mixtures; (C) crystallisation, S25/FO 512 
mixtures; (D) melting, S25/FO mixtures; (E) crystallisation, S25/FO mixtures; (F) melting, 513 
S25/FO mixtures. The prominent exothermic and endothermic peaks of S25 are denoted as 2C 514 
and 2M, respectively. Regarding ω-3 rich oils, the major and minor (if applicable) 515 
exothermic peaks are denoted as 1C and 1C’ whereas the major and minor (if applicable) 516 
endothermic peaks are denoted as 1M and 1M’, respectively. Corresponding cooling DSC 517 
curve within temperature region (-50oC) – (-10oC) in 0S25:100LO sample is expanded in an 518 
insert box (C).   519 
 520 
  521 
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 522 
 523 
Figure 3 Linear relationship between crystallisation (∆HM, total; J g-1) and melting enthalpies 524 
(∆HC, total; J g-1) of mixtures of S25/FO (A), S25/LO (B) and S25/KO (C); plot of experimental 525 
versus calculated total melting enthalpies of FO, LO and KO (D) 526 
 527 
 528 
  529 
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Table 1: Fatty acid composition of AMF, S25, FO, LO and KO 530 
Fatty acid  
common name 
Weight (%) 
AMF S25 FO LO KO 
Saturated      
Capric 2.38 (0.10) 2.10 (0.10) 0 0 0 
Lauric 3.12 (0.08) 3.29 (0.09) 0 0 0 
Myristic 11.65 (0.16) 12.93 (0.11) 0 0 15.03 (0.00) 
Palmitic 38.04 (0.42) 40.09 (0.37) 0.68 (0.16) 4.93 (0.03) 25.83 (0.13) 
Stearic 11.56 (0.04) 13.00 (0.29) 1.01 (0.11) 3.41 (0.01) 2.04 (0.222) 
Eicosanoic 0 0 0.45 (0.01) 0 0 
Sum of saturated FAs 66.74 71.40 2.13 8.34 42.90 
Unsaturated      
Myristoleic 1.28 (0.02) 0.87 (0.04) 0 0 0 
Palmitoleic 2.20 (0.04) 2.33 (0.08) 0 0 11.97 (0.16) 
Oleic 26.43 (0.84) 22.88 (0.46) 2.39 (0.66) 19.82 (0.03) 24.18 (0.06) 
Linoleic 2.62 (0.02) 1.80 (0.06) 0 15.03 (0.01) 2.23 (0.34) 
Alpha Linolenic 0.75 (0.04) 0.74 (0.00) 0 56.83 (0.01) 2.54 (0.04) 
11-Eicosenoic 0 0 12.58 (0.13) 0 0 
Eicosapentaenoic 0 0 25.68 (0.08) 0 11.20 (0.22) 
Erucic 0 0 1.59 (0.25) 0 0 
Docosapentaenoic 0 0 4.58 (0.23) 0 0 
Docosahexaenoic 0 0 51.08 (1.00) 0 4.99 (0.08) 
Sum of unsaturated FAs 33.26 28.61 97.88 91.67 57.10 
Reported values were means of two replicates (standard deviation) 531 
 532 
 533 
 534 
 535 
 536 
 537 
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 542 
 543 
Table 2: Peak temperatures of representative transitions and total enthalpies of AMF, S25, FO, 544 
LO, KO and their mixtures during cooling and heating processes 545 
Composition Crystallization  Melting       
 T1C T1C’ T2C ∆HC, 
Total(Exp.) 
 T1M T1M’ T2M ∆HM, 
Total(Exp.) 
 °C °C °C J g-1  °C °C °C J g-1 
AMF -/- -/- 16.01 
(0.10) 
-87.77 
(0.79) 
 -/- -/- 33.47 
(0.52) 
89.16 
(1.61) 
S25 -/- -/- 20.62 
(0.53) 
-94.82 
(0.74) 
 -/- -/- 37.32 
(0.44) 
94.17 
(1.58) 
 S25* -/- -/- 22.23 
(0.02) 
-97.17 
(2.31) 
 -/- -/- 37.69 
(0.10) 
97.31 
(1.84) 
0S25:100FO -47.74 (1.04) -/- -/- -13.20 
(0.64) 
 -38.33 
(0.96) 
-56.92 
(0.09) 
-/- 18.34 
(0.51) 
25S25:75FO -51.64 (0.73) -/- 11.23 
(0.81) 
-25.72 
(0.72) 
 -39.33 
(1.10) 
-56.09 
(0.09) 
30.59 
(0.33) 
30.94 
(1.56) 
50S25:50FO -53.23 (1.16) -/- 16.42 
(0.97) 
-45.38 
(1.43) 
 -41.10 
(0.79) 
-55.80 
(0.10) 
33.56 
(0.59) 
47.26 
(1.95) 
75S25:25FO -60.07 (1.64) -/- 19.06 
(0.58) 
-66.41 
(0.95) 
 -44.65 
(1.26) 
-56.03 
(0.33) 
35.90 
(0.70) 
66.66 
(0.28) 
0S25:100LO* -59.68 (0.04) n.d. -/- -61.85 
(0.49) 
 -29.30 
(0.01) 
n.d. -/- 66.23 
(0.41) 
25S25:75LO* -53.10 (0.10) -46.13 
(0.02) 
12.86 
(0.20) 
-78.40 
(0.94) 
 -26.81 
(0.09) 
-33.04 
(0.10) 
30.52 
(0.26) 
79.78 
(1.61) 
50S25:50LO* -44.47 (0.08) n.d. 17.84 -89.62  -25.53 n.d. 34.60 90.67 
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(0.25) (1.91) (0.09) (0.11) (1.08) 
75S25:25LO* -44.05 (0.01) n.d. 20.50 
(0.02) 
-94.67 
(1.01) 
 -27.39 
(0.17) 
n.d. 36.13 
(0.11) 
95.33 
(0.89) 
0S25:100KO -9.07 (0.12) -/- -/- -42.87 
(1.10) 
 -13.12 
(0.19) 
4.57 
(0.17) 
-/- 39.61 
(1.14) 
25S25:75KO -10.32 (0.41) -/- 12.32 
(0.39) 
-59.80 
(1.87) 
 n.d. n.d. 31.01 
(0.35) 
54.69 
(2.01) 
50S25:50KO -10.94 (0.27) -/- 16.95 
(0.39) 
-68.53 
(1.26) 
 n.d. n.d. 32.38 
(0.29) 
68.18 
(1.40) 
75S25:25KO n.d. -/- 19.45 
(0.21) 
-85.90 
(2.55) 
 n.d. n.d. 35.23 
(0.10) 
81.88 
(1.13) 
* Cooling at 2 °Cmin-1, heating at 10 °C min-1; -/-: not exist; n.d.: non-detectable 546 
Reported values were means of three replicates (standard deviation) 547 
 548 
 549 
 550 
 551 
 552 
 553 
  554 
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High lights 555 
1. Effects of S25 on the thermal behaviors of FO, LO and KO were investigated by 556 
DSC. 557 
2. Interactions between S25 and FO had adverse effect on their crystallization. 558 
3. S25/LO interactions promoted earlier crystallization of LO and stronger 559 
crystals. 560 
4. Effect of S25/KO interactions on crystallization was limited. 561 
5. LO might have the best oxidative stability upon the addition of S25. 562 
 563 
